Plant pathogens can emerge in agricultural ecosystems through several mechanisms, including host-tracking, host jumps, hybridization and horizontal gene transfer. High-throughput DNA sequencing coupled with new analytical approaches make it possible to differentiate among these mechanisms and to infer the time and place where pathogens first emerged. We present several examples to illustrate the different mechanisms and timescales associated with the origins of important plant pathogens. In some cases pathogens were domesticated along with their hosts during the invention of agriculture approximately 10,000 years ago. In other cases pathogens appear to have emerged very recently and almost instantaneously following horizontal gene transfer or hybridization. The predominant unifying feature in these examples is the environmental and genetic uniformity of the agricultural ecosystem in which the pathogens emerged. We conclude that agro-ecosystems will continue to select for new pathogens unless they are re-engineered to make them less conducive to pathogen emergence.
INTRODUCTION
Advances in DNA sequencing and analytical approaches have combined with genome projects to greatly increase our understanding of processes affecting the evolution of plant pathogens in agricultural systems. Compared to the long timescales needed to evolve the complex biochemical machinery that underlie pathogen attack and plant defense in pathogenplant interactions, agriculture is very young and domestication of crop species and their pathogens has occurred only recently, mainly during the past 10,000 years (9) . Because of their interdependence, selection pressures acting on hosts and parasites are coupled and evolutionary changes may occur faster in an agricultural ecosystem (agro-ecosystem) compared to a natural ecosystem (69, 91, 113) . Thus plant pathogens in agro-ecosystems provide rapidly evolving model systems for evolutionary biologists interested in host-parasite coevolution, speciation processes, and population dynamics. Plant pathologists also benefit from integrating principles of evolutionary biology into plant pathology. An understanding of the evolutionary processes leading to the emergence of new pathogens is essential to assess the risks posed by potential future pathogens. Application of evolutionary principles enable us to improve the development and implementation of sustainable control strategies based on new or existing pesticides and host resistance genes.
In this chapter we focus on the where, when, and how of pathogen emergence. Where did the important pathogens that currently dominate our agro-ecosystems originate? When did they first emerge and over what temporal scale did they spread across the global agro-ecosystem? What mechanisms drove the emergence of these pathogens and why were they successful? Did domestication of crops lead to domestication of their corresponding pathogens? Or did already existing pathogens jump onto crop hosts after the crops were introduced into new regions? The most significant finding that emerges from considering these questions is the realization that the nature of the agro-ecosystem itself has played a critical role in the recent emergence and spread of plant pathogens.
Pathogens have challenged farmers since the first crop plants were domesticated during the transition to agriculture that occurred globally between 2000 to 12,000 years BP (9, 28) . Many of today's most important crop species originated in the Fertile Crescent in the Middle East. Archaeological findings provide ample evidence of the profound changes that took place in Mesopotamia and other Neolithic cultures following the first cultivation of crop plants 10,000 to 12,000 years BP (37, 71, 118) . Genetic data now support archaeology as genome-wide measures of genetic similarity have traced the origin of several domesticated crop species to wild populations of naturally occurring plants that persist in the Middle East to this day (85). The eight most important Neolithic founder crops in the Fertile Crescent were the wild progenitors of emmer wheat, einkorn, barley, flax, chick pea, pea, lentil, and bitter vetch. Intensive selection and cultivation of selected phenotypes altered populations of these wild progenitor species into the domesticated varieties of the crop species that we know today. The first Mesopotamian crops were likely species mixtures harvested directly from wild populations. These mixtures maintained a high degree of genetic and environmental heterogeneity compared to modern crops. Over time Neolithic farmers began growing crops as species monocultures and these monocultures spread eventually to other regions in Europe and Asia (28).
The development of new crop species and agricultural practices led simultaneously to the emergence of new pathogens and to significant changes in pathogen populations that already existed on the wild ancestors of the cultivated crops. The new agro-ecosystem provided a more dense and genetically more uniform host population that enabled easier pathogen transmission between infected and uninfected plants and created an environment that was more conducive to host specialization compared to the natural ecosystem. The agricultural field provided a more homogenous environment characterized by soil mixing (tillage), irrigation, and fertilization and was less prone to environmental fluctuations that could lead to reduced pathogen population size or even complete extinction. This new agro-ecosystem thus imposed a very different type of selection on pathogens compared to the selection operating in more heterogeneous natural vegetation (Figure 1) . The ability of a pathogen to adapt to this new human-engineered environment depended largely on its life history traits and its evolutionary potential (69) . Pathogen populations in modern agroecosystems are regularly challenged by pesticides, resistance genes, crop rotations, and a variety of cultural practices aimed at reducing plant infections. Selected genotypes that can adapt to these management practices, including the ability to overcome fungicides and resistance genes, may increase rapidly in frequency and be dispersed to neighboring fields. Population genetic studies have greatly increased our knowledge regarding the evolutionary potential of different pathogens in agro-ecosystems and have allowed us to characterize the most important processes that govern pathogen evolution (69) . The dense and uniform host populations in an agro-ecosystem enabled the evolution of increased virulence in the corresponding pathogen populations. The degree of virulence in a pathogen is thought to be affected by a trade-off between pathogen replication within hosts and transmission between hosts (4, 67) . If a pathogen grows very quickly within an infected host so that the host is killed quickly (i.e., the pathogen is highly virulent) before the pathogen can be transmitted to an uninfected host, then the pathogen will not spread and an epidemic will not occur. If within-host replication is slower and the host suffers fewer symptoms of infection (i.e., the pathogen is less virulent), more opportunities are provided for the pathogen to be transmitted to an uninfected host. Because plants are grown at such high Sympatric speciation: the formation of two or more descendant species from a single ancestral species all occupying the same geographic location Allopatric speciation: the formation of two or more species from a single ancestral species following geographical isolation of subpopulations Center of origin: the geographical place of origin of a species density in agro-ecosystems, with identical host plants often touching their neighbors, transmission of a pathogen between plants is very efficient, which allows the development of higher virulence in the pathogen population infecting the agro-ecosystem compared to the pathogen population in the natural ecosystem (100) .
The emergence of a new pathogen can occur either sympatrically or allopatrically. Sympatric speciation represents the genetic divergence of populations that inhabit the same geographic region, whereas allopatric speciation occurs between populations that are geographically separated (68) . New pathogens that emerge through host specialization, changes in virulence or adaptation to uniform host populations may become genetically differentiated from their source population even when they occur in the same location with an overlapping range of spore dispersal. Selection will maintain the separation between sympatric populations if hybrids of the two populations exhibit a lower fitness than "pure" progeny resulting from within-population crosses. This sympatric divergence can lead to speciation, creating a new pathogen adapted to a different niche than the source population, e.g., intersterility groups in the Heterobasidion species complex (54) . Allopatric speciation may occur by the introduction and successful establishment of a pathogen in a new environment that is separated from the source population. For example, global travel and trade of agricultural products have moved crops and pathogens away from their original environments at their center of origin. The introduction of plants or pathogens into new environments creates novel host-pathogen interactions where introduced pathogens can cause severe damage in naïve host populations, e.g., the introduction of the potato late blight pathogen Phytophtora infestans into Ireland in the mid-nineteenth century (36) caused the Irish potato famine, and the movement of the wheat stripe rust pathogen Puccinia striiformis f. sp. graminis into the United States 100 years ago caused severe economic losses for wheat farmers (20 
INFERRING EVOLUTIONARY PROCESSES AND TIMESCALES FOR FUNGAL PATHOGENS
The Russian botanist Nikolai Vavilov was the first to identify the center of origin of cultivated plants. In his work based on morphological characters, he concluded that each crop has a primary center of diversity that is also its center of origin (105) . In recent years, DNA analyses have been used to study diversity and origin of crop species (e.g., 7, 90). In general, these studies have confirmed Vavilov's theory that the centers of origin are the areas of greatest diversity. However, increased diversity of a cultivated plant in a certain region may also result from long and intense cultivation, ecological diversity, and/or introgression of wild crop relatives (45). In these cases knowledge about the cultivation history of the crop is also needed. By combining the tools of population genetics with the tools of archaeology and archaeobotany, it is possible to identify the place and time of crop domestication with greater precision. Two independent lines of evidence indicate that agriculture originated in the Fertile Crescent 10,000 to12,000 years BP. First, the current distribution of wild progenitors of modern cereals including wild wheat (Triticum urartu, T. boeoticum, and T. dicoccoides), wild barley (Hordeum spontaneum), and wild rye (Secale vavilovii) intersects in this region. Second, the seeds of the wild species occur in early archaeological sites of the region and can be dated by radiocarbon analyses. By using population genetic tools to compare wild and domesticated species and combining these data with archeological findings, it is possible to identify the specific valleys in the Fertile Crescent where different cereals were first cultivated and also to generate a precise timescale of archaeobotanical events (85). Though rust spores have been found in 3300 year-old Israeli granaries (59), the great majority of plant pathogens were not preserved in these archaeological sites, and thus archaeology cannot assist us in the reconstruction of pathogen evolution during the process of crop domestication. But new methods based on population genetics, coalescence methods, and phylogeography can provide insight into the processes that led to the emergence of pathogens associated with the first cultivated crops. For example, population genetic studies of different cereal pathogens such as the powdery mildew pathogen Blumeria graminis and the Septoria tritici blotch pathogen Mycosphaerella graminicola suggest that the center of diversity of these pathogens coincides with the center of origin of their hosts in the Middle East (11, 109) . These population studies used geographical collections of pathogen isolates and analyses of DNA markers and sequences. In the case of the wheat infecting M. graminicola, phylogenetic analyses and haplotype networks were used to show a higher diversity at RFLP (restriction fragment length polymorphism) loci and DNA sequences in Israeli populations (11, 116) . Haplotype networks of polymorphic DNA loci suggested that ancestral haplotypes originated in the Middle East (10) . But these population genetic analyses did not tell when the wheat pathogen emerged and did not confirm that the center of diversity actually represented the center of origin of the pathogen. Just as wild relatives of modern cereals in the Fertile Crescent had to be analyzed to confirm their ancestral relationship, the wild progenitors of M. graminicola were needed to conduct a coalescence analysis of DNA polymorphisms in pathogen populations on both wild and cultivated hosts.
Coalescence methods use population-based DNA sequence data to infer the merging of ancestral lineages going back in time. These methods simulate all possible gene trees backwards in time to the most recent common ancestor (TMRCA) of two populations and provide likelihood estimates for each tree. The coalescent theory is a powerful statistical tool that can be used to derive estimators of population parameters, such as rates of mutation or migration and organisms. These models and the statistics behind the coalescence methods are described in a number of comprehensible reviews that are recommended for an introduction to the field (6, 49, 82). When inferring coalescence parameters for pathogen populations, it is important to take into account the population genetics of the species to ensure that assumptions of the model are suitable. Many population processes influence the divergence of two populations, such as the amount and the direction of gene flow or population expansion in one or both populations. One model that allows for changes in population size and directional gene flow between diverging populations is the Isolation with Migration model (50, 74) . This model provides an ideal framework for coalescence analyses of pathogens because emerging populations are likely to experience fluctuations in population size and/or gene flow from or to the source population.
Other coalescence approaches allow the reconstruction of gene trees showing the distribution of sequence haplotypes and specific mutations going backwards in time (38) . The timescales for these analyses are given in coalescence units that must be scaled by mutation rate to give the actual time of population divergence. The overall mutation rates per base per replication are surprisingly uniform across all DNA-based genomes, including prokaryotes and eukaryotes (29). However, mutation rate can vary greatly in different parts of the genome and even between different lineages. Therefore, a mean value of mutation rate representing the mutation rate of several genes and eventually a model that allows for variable mutation rates among lineages must be used to infer the actual time for a species split. Another crucial input parameter in coalescence analyses is generation time. Because most fungi have mixed reproductive systems, the first question to address is how many sexual cycles occur per year? Some pathogens reproduce mainly asexually and in these cases the definition of generation time becomes complicated because it is not clear if the number of asexual cycles provides a usable alternative (22). It is also important to consider whether the number of generations per year has been constant over the evolutionary history of a pathogen. We consider it likely that "cultivated" pathogen populations growing in irrigated and fertilized host monocultures characteristic of agro-ecosystems go through many more cycles of reproduction every year than the ancestral pathogen populations that spent most of their evolutionary history in a natural ecosystem. Year-round production of crops such as rice and barley created green bridges that enabled pathogens to propagate continuously without the need for an overseasoning stage. As a result, pathogen populations may go through more cycles of reproduction per year and effective populations sizes can be larger in modern agricultural populations than in ancestral wild populations, as illustrated using Bayesian skyline plots (30) for the barley scald pathogen Rhynchosporium secalis (111) . Furthermore, the balance between sexual and asexual reproduction may be quite different in agro-ecosystems and natural ecosystems because fungal reproduction is affected by environmental conditions. In general, low stress conditions (e.g., with lots of fertilizers and higher humidity due to irrigation) favor asexual propagation and shorter generation times whereas high stress conditions (e.g., senescing leaves, depleted nutrients, lower humidity) favor sexual reproduction and longer generation times (21). Contemporary populations of pathogens such as P. infestans and Magnaporthe oryzae are mainly clonal, but the loss of sexual reproduction seems to be associated with their adaptation to an agricultural host (36, 112) as wild relatives of both pathogens still undergo regular cycles of sexual reproduction (60, 101) . The occurrence of sexual reproduction in the "wild" populations may reflect the fact that the sexual cycle produces a dormant resting stage (e.g., oospore or cleistothecium) that can survive in the absence of a living host. These survival structures were especially important in natural ecosystems characterized by heterogeneous environments and low host densities. In conclusion, to apply coalescence analyses in studies of pathogen evolution it is essential to consider the population dynamics of a given species and to recognize possible changes in generation time during the course of evolution. Ideally, direct observation of sexual fruiting structures developing over time could be used to determine the number of sexual cycles per year for a fungal species. But sexual fruiting structures can be difficult to recognize and quantify for many pathogenic fungi. Alternatively, population genetic studies can be used to quantify the relative contributions of sexual and asexual reproduction to a pathogen population over short periods of time (114, 115) , providing important knowledge on the population dynamics of a species, i.e. whether sexual reproduction occurs frequently or rarely. Comparative population genetic studies of closely related species occuring in either natural or human managed ecosystems may also shed light on differences in population dynamics in different environments and could indicate possible changes in generation time since the adaptation to an agricultural system (i.e. if the agricultural pathogen exhibits a higher degree of sexual reproduction than its sister species in a natural ecosystem). To calculate a completely accurate generation time of a pathogen may be impossible, but the points mentioned above can be applied to arrive at a reasonable estimate of generation time.
MODELS TO EXPLAIN THE EMERGENCE OF NEW PATHOGENS IN AGRO-ECOSYSTEMS
The integration of population genetics, evolutionary biology, and bioinformatics can allow us to test specific hypotheses regarding when and where pathogens emerged on domesticated crops. Though pathogens can emerge in many different ways, we focus here on what we consider the four most likely scenarios ( Table 1) . In this section we briefly summarize the different models and the expected pattern of evolution that would result under each scenario.
Host-tracking: the coevolution of a pathogen with its host. By host-tracking the pathogen is likely to be younger than the host, in contrast to cospeciation where host and pathogen have diverged simultaneously Host shift/host jump: the process by which a pathogen infects a new previously unaffected host species. In a host shift, the alternate host is a close relative of the former host, whereas a host jump involves a new host that is taxonomically very distant from the former host, e.g., from another class or order
Pathogen Domestication Along with the Host
We call this host-tracking in analogy to a similar coevolutionary process occurring over longer time frames in natural ecosystems (84). Under this scenario, the host and pathogen coevolved during the process of host domestication and the development of the agro-ecosystem specific to the host crop (e.g., the agro-ecosystem for wheat is quite different from the agroecosystem for apples). In this case the expectation is that the center of origin of the pathogen will correspond with the center of origin of the host. During domestication, the selection and cultivation of desirable host genotypes simultaneously selects for pathogen genotypes that are adapted to the selected individuals and their specialized agro-ecosystem. As the new agroecosystem develops and spreads, the growing host population provides a highly conducive environment for selected pathogens with high fitness that can expand with the new agricultural host. To properly infer the evolutionary history of the agricultural pathogen under this scenario, we need to sample pathogen populations from both the domesticated and the undomesticated hosts in order to reconstruct the evolutionary history backwards in time to their common ancestor. Finally, we need analytical tools to test evolutionary models of population divergence. The domestication of pathogens will not necessarily date back thousands of years to the start of agriculture. Pathogen domestication is potentially a recent occurrence wherever new crop species, such as kiwi fruit or triticale, and their associated agro-ecosystems are developed.
Host Shifts and Host Jumps
A new pathogen can emerge by adaptation to a new host following a host shift or host jump. Here we define a host shift as involving a new host that is genetically not far removed from the old host (e.g., shifting from wild barley to domesticated barley), whereas a host jump involves a new host that is genetically distant from the original host (e.g., jumping from clover Reviewed in (14) to maize). In this case, the geographical origin of the host need not correspond with the geographical origin of the pathogen. A new pathogen in an agro-ecosystem can originate from either a wild host population or from another crop species. Wild plant species growing within or adjacent to agricultural fields, e.g., weeds, likely represent an important source of new pathogens. Pathogen emergence may also follow the introduction of new crops into natural ecosystems that were not previously planted to agriculture, such as the introduction of soybeans into the Amazon rainforest basin or wheat into the former subtropical forest of southern Brazil. The global transport of infected plant material also increases the potential for host shifts/jumps of pathogens, for example, by moving already coevolved pathogens into naïve populations of related hosts. This appears to have happened when infected Asian chestnuts were brought to North America, leading to the chestnut blight epidemic (2). This case highlights an important concern associated with host shifts. As a result of the lack of coevolution in a new host-pathogen combination, a newly acquired host may exhibit a lower level of resistance and the pathogen an excessive degree of virulence.
To infer the evolutionary history of an agricultural pathogen that emerged by a host jump we need to compare isolates from the different host species which can represent the new or the old hosts. Coalescence analyses can be used to date the time and determine the direction of the host shift or jump by differentiating the source and founder populations of the pathogen. Over timescales of millions of years, host jumps, even between plant and animal kingdoms (75, 89) , are probably common and have been the source of many new pathogen species. One example involves the grass symbionts Clavicipitaceae belonging to the ascomycete family Hypocreaceae. Claviceps purpurea is the best characterized species of Clavicipitaceae and causes ergot of rye. The common ancestor of Clavicipitaceae was an animal pathogen, but during the course of evolution a minimum of 5-8 interkingdom host jumps occurred, including 3-5 jumps to fungi, 1-2 to animals, and 1 to plants (89) . We focus here on host shifts or jumps that have occurred within the recent time frame of agriculture, i.e., during the past 10,000 years.
Horizontal Gene Transfer
Horizontal gene transfer (HGT) is the exchange of specific genes or genomic regions between species that are normally reproductively isolated. As in the previous section, we focus here on recent events, i.e., those that are thought to have occurred since the development of agriculture. Under this scenario, a nonpathogen or a weak pathogen is converted into a virulent pathogen after acquiring genes needed for pathogenicity from a different species. Criteria generally used to identify candidate horizontally transferred genes are unusual GC content and unusual codon usage (96) . HGT can also result in unexpected gene homologies among organisms and, in the case of pathogens, in a patchy distribution of virulence genes among different phylogenetic lineages. To identify the source and the sink organisms involved in HGT, a genetic comparison of both species is needed, including the transferred region as well as other loci. In most cases, the source species is not known and inference is therefore needed to suggest a possible origin for a gene that may have been acquired through horizontal transfer. Comparisons of complete genomes coming from the rapidly increasing bacterial and fungal genome projects will likely uncover many new cases of HGT. A number of well-documented examples illustrate how bacterial adaptation and speciation was influenced by HGT (26), but HGT has only rarely been postulated between eukaryotes (58) and is thought to be especially rare 
Hybridization
While horizontal gene transfer involves the exchange of a limited number of genes between different species, interspecific hybridization involves entire genomes and can lead to changes in chromosome number, ploidy levels, or extensive genomic rearrangement (87) . A survey of genetically similar species is needed to identify the origin of a hybrid. If hybridization or backcrossing has occurred several times, the hybrid population may exhibit a large genetic and phenotypic variation and a broad population sample will be needed to infer the evolution of the hybrid species. The definition of hybrids depends on the definition of species within a given fungal clade. In many fungal clades species definitions are unclear, which also complicates the identification of interspecific hybrids.
Reproductive barriers normally evolve between closely related fungal species to limit the amount of outcrossing and protect the genetic integrity of the species. Several studies have shown that reproductive barriers are more likely to evolve between sympatrically diverging species than between allopatric species (3, 27, 92) . This is due to the lack of selection for reproductive isolation between populations or species that are geographically separated. Hybridization is therefore more likely to occur between allopatric species that are brought together, for example, by the global trade of crop and forest plants. parents. If a successful hybrid offspring establishes itself on a new host different from the one occupied by either parental population, it is possible that the hybrid offspring will have a higher fitness than either of the parental species and emerge as a pathogen on the new host. It is possible that more than one of the above mentioned mechanisms may be involved in the emergence of a new pathogen. In fact all four mechanisms may come into play for a given pathogen, but may occur over different time scales, e.g., a host shift may have occurred 1000s of years ago while a horizontal gene transfer may have occurred 100 years ago. In the next section, we categorized different examples of pathogen evolution in accordance with the most important mechanism shown in each study. However, as the reader will recognize, most of these examples involve more than one evolutionary mechanism leading to the emergence of the pathogen.
EXAMPLES OF PATHOGEN DOMESTICATION THROUGH HOST-TRACKING COEVOLUTION

Domestication of the Rice Blast Pathogen Magnaporthe oryzae in Asia
The blast pathogen Magnaporthe oryzae is one of the most important pathogens of rice (Oryzae sativa). Reproduction of M. oryzae is mainly asexual, giving rise to a clonal population structure (112) . However, more diverse populations with equal mating-type frequencies and evidence for frequent sexual reproduction are found in the Himalayas (60) . This suggests an Asian center of diversity of the blast pathogen that coincides with the center of origin of its host. Archaeological evidence suggests that the earliest domestication of rice from its wild relatives took place in China ∼7000 years BP (104) . Couch et al. (24) tested the hypothesis that a rice-infecting population of M. oryzae emerged simultaneously with the initial cultivation of its host. The study used 497 isolates of M. oryzae from rice and other grass species to infer the coalescence of pathogen lineages. Parsimony, maximum likelihood, and Bayesian analyses showed a single origin of a pandemic rice-infecting M. oryzae lineage. Two different coalescence approaches were applied to date the emergence of the pathogen. Both methods supported an early divergence time 5000 to 7000 years BP coinciding with rice domestication. Couch et al. (24) also performed tests of pathogenicity on rice and torpedo grass (Panicum repens), a common weed in rice agro-ecosystems. Isolates from nonrice hosts were either not pathogenic or were much less pathogenic toward rice compared to riceinfecting lineages. Host specialization of the rice blast pathogen could be due to loss of the avirulence gene AVR-Co39 that was widespread in haplotypes from other hosts. Genetic isolation and divergence of an epidemic lineage from other populations on grasses may have resulted from rapid clonal propagation and strong selection mediated by the new domesticated host and its associated agro-ecosystem. The intensification and spread of rice cultivation allowed propagation and global dispersal of clones of the rice-infecting blast pathogen.
Domestication of the Wheat Pathogen
Mycosphaerella graminicola in the Fertile Crescent
The emergence of the pathogen Mycosphaerella graminicola causing the Septoria tritici leaf blotch disease on wheat was analyzed using genealogical and model-based coalescent approaches applied to 7 genes in 184 isolates (95) . Two sister populations of the wheat-adapted M. graminicola were identified on wild grasses collected in northwest Iran. Two genetically differentiated wild grass-infecting populations, named S1 and S2, were both encountered on three different weedy grass species growing next to fields of cultivated wheat. The split between the most closely related wild grassinfecting population S1 and M. graminicola occurred approximately 10,000 to 12,000 BP. This time coincides with the domestication of wheat and suggests a cospeciation of host and
pathogen. In this case, it appears that selection maintained a broader host range in the undomesticated pathogen population whereas the domesticated pathogen has become highly host specific. As in the case of M. oryzae, the wheat pathogen likely diverged from its ancestral population as a result of strong directional selection and a rapid accumulation of mutations following an increase in population size. Only a small fraction of the diversity in the ancestral population moved to the population infecting wheat, but the resulting M. graminicola population rapidly expanded, coinciding with the rapid expansion of the wheat agro-ecosystem in the Fertile Crescent. The size of the undomesticated S1 pathogen populations declined, also consistent with the conversion of natural grasslands into wheat agro-ecosystems during the intensification of agriculture in Mesopotamia. Wheat was introduced into Europe 6000 to 7000 BP, which was the most likely time frame for introduction of M. graminicola to the European continent. Ancient patterns of migration inferred from DNA sequence data show an asymmetrical migration of M. graminicola from European and Israeli populations to New World countries (10) . Estimates of recent migration patterns using microsatellites support an asymmetrical migration of the pathogen from the Old World, but additionally include North America as a contemporary major donor of pathogen immigrants (10) . This pattern of contemporary migration is consistent with the intensive cultivation of wheat on the North American continent today and global wheat trading patterns.
Domestication of the Corn Smut Pathogen Ustilago maydis in Mexico
Maize (Zea mays) was domesticated by preColumbian cultivators in Mexico about 8000 BP (66) . An important pathogen of maize is the corn smut fungus Ustilago maydis. Corn galls produced by U. maydis were considered a delicacy by the Aztecs and are still popular in Mexico. The early occurrence of U. maydis in the Aztec cuisine as well as the Mexican origin of maize suggest that the pathogen also had its origin in Mexico. Most Ustilago species are host specific, and the host range of U. maydis is limited to Z. mays subspecies including species of teosinte, the progenitors of today's maize and endemic in Mexico.
Munkacsi and coworkers studied the origin of U. maydis using geographical isolate collections and DNA sequence data from 5 genes and 10 microsatellite markers in 1088 isolates. They initially tested the hypothesis that U. maydis and three other closely related smut pathogens U. scitaminea, Sporisorium reilianum, and S. sorghi (pathogens of sugarcane, sorghum, and wild ancestors of these species) emerged as new species following domestication of their respective host species (72) . The divergence of these four species was shown to have occurred million of years ago, and the authors concluded that the differentiation of these pathogens could not be related to the onset of agriculture.
But more recently, maize domestication has had a significant impact on the population structure of U. maydis. Munkacsi et al. (73) used microsatellite markers to characterize population genetic structure of the maize pathogen and to determine the time of population divergence among geographical populations of the smut pathogen in South and North America. They identified five major populations based on genetic similarity between individuals: two in Mexico (where one population consisted of isolates from a wild population of Z. m. ssp. parviglumis and the other isolates were from different maize fields), two populations in South American and one in North America. The Mexican U. maydis population did not show the greatest diversity even though Mexico is considered the center of origin of the pathogen. Instead, one South American population had the largest heterozygosity while the North American population had the largest number of rare and private alleles. But estimates of divergence time confirmed that the Mexican populations were older than other American populations. The oldest divergence date, coinciding with the time of maize domestication 6000 to 10,000 BP, was between the two 
Evidence for Domestication of the Potato Late Blight Pathogen in the Andes
Potato (Solanum tubersosum) was domesticated by pre-Columbian cultures approximately 7000 years BP in northern Peru (28, 90). The diploid oomycete Phytophthora infestans is the causal agent of late blight of tomato and potato and was responsible for the Irish potato famine starting in 1846. The origin of this devastating pathogen has been an issue of much debate. Several studies suggested that the center of origin of P. infestans was the central highlands of Mexico because populations found in these regions (a) show a higher level of genetic diversity, including Avr-gene diversity, (b) are diploid, and (c) have equal mating-type ratios (33, 36, 39) . However, in a recent article, Gómez-Alpizar et al. (35) used coalescence methods to suggest that P. infestans did not originate in Mexico but instead emerged in the Andes following the domestication of potatoes. The authors used gene genealogies of 2 nuclear and 2 mitochondrial genes from 94 isolates from 8 geographical locations to test the hypothesis of codomestication of P. infestans and potatoes in South America followed by an "out-ofSouth America" migration. The coalescencebased approach showed both the geographical distribution of mutations and a relative age ordering of mutations and haplotypes. Two ancestral haplotypes giving rise to contemporary potato pathogens were present in South American populations whereas only one ancestral haplotype was found in Mexico. Older mutations in the mitochondrial genealogy all originated in South America, where the divergence of ancestral haplotypes also occurred. Although a number of unique isolates were found in the Mexican sample, these were all descendants of only one of the ancient lineages whereas the South American haplotypes were descended from both ancestral lineages. The study also inferred the directional migrations of haplotypes between South American and non-South American populations and presented evidence of an "out-of-South America" migration in the past and a more balanced modern-day migration between South American and non-South American populations. The authors did not date the origin of P. infestans, but their coalescence analyses allowed a relative age ordering of haplotypes and thus identified the most ancestral lineages among the strains included in the analysis. Their interpretation was that P. infestans most likely emerged through cospeciation with its host during the domestication of potato 7000 BP (90) .
EXAMPLES OF HOST SHIFTS AND JUMPS
A Host Jump in Northern Europe for the Barley Scald Pathogen
Rhynchosporium secalis
The scald pathogen Rhynchosporium secalis infects barley (Hordeum vulgare), rye (Secale cereale), and a number of other grasses. The barley and rye hosts both originated in the Fertile Crescent approximately 10,000 to 12,000 BP (7, 71 Because nonneutral evolution in the NIP1 gene may have biased coalescence estimates, sequences from six additional neutral and housekeeping genes were collected from ∼500 isolates to infer the origin of R. secalis and to reveal phylogenetic relationships between different host-related lineages (111) . These analyses confirmed a later emergence of the scald pathogen, most likely between 1200-3600 years BP following the introduction of the barley agro-ecosystem into northern Europe. Phylogenetic analyses additionally revealed a clear differentiation between Rhynchosporium populations infecting rye, barley, and wild grasses. Zaffarano et al. (111) conclude that the scald pathogen on barley emerged through a host shift following the introduction of the barley agro-ecosystem into northern Europe. Collections of R. secalis on its original host in northern Europe or elsewhere will be needed to more precisely reconstruct the evolutionary history of this important barley pathogen.
Divergence of Magnaporthe oryzae Lineages on Weeds of Rice through Host Shifts and Specialization
As described earlier, the emergence of Magnaporthe oryzae fits a host-tracking coevolutionary scenario with rice; however, the emergence of a rice-infecting lineage also involved a number of host shifts. Couch et al. (24) presented evidence that the rice-infecting lineage emerged following a host shift from Setaria millet to rice. Both millet and rice were domesticated in China and probably co-occurred during early cultivation (23, 25). Close proximity between crop plants can facilitate a host jump of pathogens associated with either one of the species. Couch et al. (24) analyzed the evolutionary relationship between M. oryzae haplotypes on rice and on weeds of rice. The more ancestral haplotypes originated from rice whereas haplotypes from weeds of rice were found at the tips of a haplotype network. The authors concluded that after host specialization of the rice-infecting lineage, additional host jumps occurred to common weeds of rice, including cutgrass (Leersia hexandra) and torpedo grass (Panicum repens). To test whether pathogen populations on rice and weeds of rice still share a common gene pool, incompatible sites of a multigene alignment were identified. The presence of incompatible sites would support conflicting phylogenies and provide evidence of recombination and genetic exchange. However, the analyses showed no sign of conflicts between blast pathogens on different host populations, indicating that these populations no longer exchange genes. Comparison of host and pathogen phylogenies did not support the hypothesis of cospeciation of host and pathogen lineages. These findings confirm the occurrence of multiple host shifts during the evolution of Magnaporthe pathogens and suggest that similar processes may be responsible for the 1989 emergence of wheat blast in southern Brazil.
Evidence for a Host Jump in Mexico for the Potato Late Blight Pathogen Phytophthora infestans
Although coalescence analyses described earlier placed the origin of ancestral Phytophthora haplotypes in South America, other evidence points to a Mexican origin of the potato-infecting lineage. Central Mexico is considered a center of diversity for the genus Solanum with the presence of several endemic tuber-bearing species (48, 51). P. infestans is able to infect most of the The conflicting conclusions on the emergence of P. infestans will likely be resolved using additional coalescence-based analyses that include a large number of closely related Phytophthora species from both South and Central America as well as P. infestans from wild and cultivated potatoes in the same regions.
EXAMPLES OF HORIZONTAL GENE TRANSFER
Interspecific Transfer between Two Wheat Pathogens of the Fungal Virulence Gene ToxA
Friesen et al. (32) recently presented evidence for horizontal transfer of the gene encoding the host-specific toxin ToxA between the wheat pathogens Phaeosphaeria nodorum and Pyrenophora tritici-repentis. Both pathogens can cause similar foliar symptoms in major wheat-growing regions worldwide. The ToxA gene contributes to pathogenicity on susceptible wheat cultivars through a gene-for-gene interaction with the host toxin-sensitivity gene Tsn1 (31, 62). A compatible interaction between the products of the two genes facilitates disease progression by inducing cell death in the host tissue.
ToxA was initially characterized in P. triticirepentis (8, 117) , but during annotation of the P. nodorum genome (44) an almost identical gene sequence was discovered. Knock-out and transformation experiments confirmed that ToxA was expressed in the same way in both species. Further sequence comparisons between P. nodorum and P. tritici-repentis showed that the unusually high sequence similarity involved a region of 11 kb and included a transposase-like gene downstream of the ToxA sequence, consistent with a hypothesis of horizontal genetic exchange between the two pathogens.
The limited number of interspecific polymorphisms in both coding and noncoding DNA suggested that the HGT occurred recently. A population survey of the ToxA gene in both species showed that the level of intraspecific ToxA diversity was much higher in P. nodorum than in P. tritici-repentis. The interpretation of this finding was that the gene moved very recently from P. nodorum into P. tritici-repentis, without sufficient time yet for mutations to occur in the recipient species. It is notable that P. tritici-repentis is a very recently emerged pathogen. The tan spot disease caused by P. tritici-repentis was first reported in 1941 and today represents a very serious disease of wheat. The authors' interpretation was that the acquisition of the ToxA gene by HGT led to the emergence of a new, highly damaging race of P. tritici-repentis that emerged and became globally distributed only during the past 60 years.
A Cluster of Genes Determining Pathogenicity to Pea on a Conditionally Dispensable Chromosome in Nectria haematococca
In Nectria hematococca (anamorph Fusarium solani) the genes required for pathogenicity towards pea are located on a 1.6-Mb conditionally dispensable (CD) chromosome (70, 107 The clustering of genes involved in pathogenicity is well known in bacteria, where they have been called pathogenicity islands. Pathogenicity islands are characterized by genetic instability, discontinuous distribution among bacterial species, proximity to mobile elements and associated repeated sequences, and dissimilarities to other regions of the chromosome based on GC content (40) . Horizontal transfer of pathogenicity islands has been invoked to explain the rapid emergence of new pathogenic strains and the discontinuous distribution of pathogenicity genes among bacterial strains (77) . Han et al. (43) underlined the striking similarity between bacterial pathogenicity islands and the gene cluster of N. hematococca and suggested that fungal pathogens could also acquire disease-causing capabilities through horizontal transfer of coadapted pathogenicity genes arranged in clusters. Clusters of genes that are up-regulated during infection are also seen in U. maydis, where 20% of the genes for secreted proteins are organized in clusters of 3-26 genes (56) . Like the PEP cluster of N. hematococca, a disrupted transposase sequence was identified in a cluster of genes involved in virulence in U. maydis, suggesting that transposase activity and HGT may have played a role in the genomic organization of pathogenicity genes in the corn smut pathogen.
Besides being involved in pathogenicity, the clustered genes of N. hematococca may also be determinants of host range. The finding of highly similar pisatin demethylase genes in strains of Fusarium oxysporum pathogenic on peas suggests that particular pathogenicity genes or gene clusters may be more likely to correlate with host range than the phylogenetic relationships among pathogens. This parallels the findings for ToxA in P. nodorum and P. tritici-repentis.
Host Specific Toxins in Alternaria alternata
Pathogenic isolates of the asexual fungus Alternaria alternata are grouped into different pathotypes according to host specificity and the production of host-specific toxins (61, 76) . Although the different host-specific toxins all induce cell death, their mode of action and chemical structure differ greatly between pathotypes. For example, the AM-toxin produced by the A. alternata apple pathotype affects both the host plasma membrane and the chloroplasts whereas the ACT-toxin produced by the tangerine pathotype affects only the host mitochondria (78) . Several of the genes required for the production of the A. alternata toxins have been cloned and they all were organized in clusters, with some located on CD chromosomes (46, 55, 98). Hatta et al. (47) identified five disrupted transposable elements near the toxin gene cluster on a CD chromosome in the A. alternata strawberry pathotype. The clustered arrangement and the presence of mobile elements resemble the organization of N. hematococca and U. maydis pathogenicity genes. These findings suggest that A. alternata pathotypes have acquired the genes needed for production of hostspecific toxins through HGT. The emergence of new pathotypes may thus occur through the acquisition of a coadapted gene complex that enables the fungus to infect a previously uninfected host. In support of this hypothesis is the observation that homologous genes for toxin biosynthesis are not found in strains from other pathotypes or nonpathogenic A. alternata isolates (46, 65, 97) .
In their review, van der Does & Rep (103) discuss the origin of clusters of virulence genes. They suggest two main scenarios: one in which a combination of gene shuffling and selection links virulence genes together into clusters, and a second scenario where certain genomic regions are more receptive for either de novo
ITS:
internal transcribed spacer of the ribosomal RNA gene cluster emergence or insertion of virulence genes. Both scenarios are plausible and not mutually exclusive. The high density of transposable elements and repetitive sequences in the gene clusters described to date could facilitate the accumulation of additional virulence genes. An important selective advantage favoring the maintenance of virulence genes clusters in pathogens is the propensity for them to be transmitted as a single block during HGT. Comparative genomics will likely provide significant insight into the mechanisms underlying the evolution of clusters of virulence genes. HGT has been proposed as an important evolutionary mechanism in fungi for several years (83, 86, 106) . Are the examples presented in this section unique or is the interspecific exchange of pathogenicity-related genes much more common than previously believed? A successful exchange of genes between fungal species may not be common in natural ecosystems. But the environmental homogeneity, dense host populations, and large pathogen population sizes inherent in agro-ecosystems increase the chances for a successful interspecific genetic exchange. The global trade in agricultural products moves pathogens around the world, thereby increasing the probability that different species will meet and possibly exchange genes. The examples presented in this section suggest that HGT can be an important factor in the emergence of new pathogens or new pathogen specificities and should therefore be considered a potential risk affecting disease management in agro-ecosystems.
EXAMPLES OF INTERSPECIFIC HYBRIDIZATION
Hybridization of Allopatric Taxa of Phytophthora Led to the Emergence of a New Pathogen of Alder Trees
In 1993 a new disease on alder trees was reported (18) . The disease-causing pathogen was recorded as Phytophthora cambivora, a common pathogen of trees. Phytophthora was not previously known to infect Alnus, and a genetic survey was conducted to characterize the new alder pathogen. Brasier et al. (15) compared phenotypic and genetic characters of P. cambivora and the alder Phytophthora and found that the pathogens clearly differed from each other. Isolates of the alder pathogen exhibited a much larger variation than expected within a single Phytophthora taxon, including differences in chromosome number, colony development, morphology, and optimal growth temperature. Single isolates of the alder pathogen harbored a number of different ITS sequencesa phenomenon also known from allopolyploid hybrids of plants where concerted evolution has not yet homogenized ribosomal sequences. Brasier et al. (18) concluded that the new alder pathogen was composed of a range of heteroploid hybrids originating from several hybridization events. The new Phytophthora species was formally named P. alni but was further divided into three subspecies: P. alni subsp. alni (Paa), P. alni subsp. uniformis (Pau), and P. alni subsp. multiformis (Pam) (16) . To infer the origins of the three P. alni subspecies, Ioos and coworkers (53) used a combination of nuclear and mitochondrial markers to study a large European collection of Phytophthora. They found that the three subspecies differed considerably in their allelic diversity as well as genomic structure, consistent with different origins for Paa, Pam, and Pau. The Paa subspecies contained alleles specific to both Pam and Pau, and the authors therefore suggested that Paa could represent a hybrid between Pam and Pau generated over several hybridization events. The Pau subspecies showed the highest similarly to P. cambivora and may be a progenitor of this species. The origin of Pam was less clear, but the authors proposed that this subspecies was generated through ancient hybridization events or by autopolyploidization. Contemporary isolates of Pam and Pau are far less common on alder and are less aggressive. Pam was initially isolated from soil in a natural alder stand where no disease symptoms occurred, whereas Pau was known from asymptomatic alder seedlings. Therefore, Ioos et al. (53) alder trees for a long time without causing notable disease on the trees. However, the hybrid progeny of the two subspecies contained a combination of genes that enabled Paa to cause disease on alder and to become a much more aggressive pathogen.
A similar example of a Phytophthora hybrid population proliferating on new hosts was recently reported in the Netherlands (64) . Hybrids formed between P. cactorum and the introduced P. hedraiandra differed genetically from both parent species and were able to infect a range of new hosts including onions, leeks, and other horticultural species. Future studies should follow the establishment and evolution of these Phytophthora hybrids on Alnus and Allium and other horticultural hosts-not only to develop risk assessments for the new pathogens but also to study the on-going hostspecialization and speciation of these Phytophthoras occurring within a known time frame.
Interspecific Hybridization as a Genetic Bridge between Species of the Dutch Elm Disease Pathogens Ophiostoma ulmi and O. novo-ulmi
Dutch elm disease is caused by ascomycte fungi of the genus Ophiostoma. The two severe pandemics in Europe and North America in the twentieth century were caused by the two species O. ulmi and O. novo-ulmi (14) . The origin of the two species is not known but they exhibit different ecological strategies, suggesting an adaptation to different environments. O. novo-ulmi is further divided into the Eurasian EAN and the North American NAN subspecies. Although phylogenetic analyses group O. ulmi and O. novo-ulmi into distinct taxa, they are not totally reproductively isolated. Like the allopatric species of Phytophthora mentioned above, it is possible that reproductive barriers did not evolve between the two Ophiostoma species if they were separated for a long time by geographical barriers. Rare hybrids are now encountered in nature (17) . These hybrids show a range of nonparental phenotypes but are generally less fit and less aggressive than their parents. Although hybrids are transient, they can act as a genetic bridge between the two parental species. Bates et al. (12) showed that rare O. ulmi polymorphisms were present in the mtDNA of O. novo-ulmi isolates. Introgression of O. ulmi genes into O. novoulmi also included genes that were involved in pathogenicity. Abdelali et al. (1) 
UNIFYING THEMES FOR PATHOGEN EMERGENCE ACROSS AGRO-ECOSYSTEMS
As illustrated by these examples, plant pathogens can emerge through many different mechanisms and across different timescales ( Table 1) . Most worrisome are the examples suggesting that new pathogens can emerge almost instantaneously following host jumps, horizontal gene transfers, or hybridization events. As we compare the examples and look for common underlying mechanisms, it appears these examples have little in common. Pathogen classes included Ascomycetes, Basidiomycetes, and Oomycetes. Hosts included cereals, potatoes, fruits, vegetables, and trees. The common factor uniting all of these examples is that the disease emerged in a human-managed ecosystem, with the most prominent examples occurring in the agroecosystem. In this section we discuss which properties of the agro-ecosystem are most likely driving the emergence of plant pathogens.
One of the most important factors driving the emergence of plant pathogens is the highly homogeneous environment of agroecosystems. In contrast to most natural ecosystems, an agricultural field is tilled, graded, fertilized, watered, and weeded to create an environment that is much more homogeneous than a natural ecosystem (Figure 1) . This homogeneous environment is then planted to a dense and genetically uniform plant population that generates a uniform microclimate and provides a highly conducive environment for pathogen propagation and dispersal and for the evolution of more virulent genotypes. The lack of genetic variation in the host population makes it highly vulnerable to disease outbreak because virulent pathogen genotypes adapted to a particular host genotype can increase very rapidly in frequency, quickly generating a degree of host specificity or race specificity that rarely occurs in natural ecosystems. These host specificities can be generated as a result of strong directional selection operating on only one or two genes, such as the ToxA gene of Phaeosphaeria nodorum and Pyrenophora triticirepentis, host-specific toxins in Alternaria alternata, or NIP1 in Rhynchosporium secalis.
A second important unifying factor is the vast scale of the agro-ecosystem. Approximately 50% of the global landmass has been converted to cultivated crops or grazed land during the past 10,000 years (57) . Individual fields planted to a monoculture can be 100s to 1000s of hectares in size and contain millions of plants. As a result, the corresponding pathogen populations also can be very large. Large pathogen populations increase genetic diversity through an accumulation of mutations and they experience less inbreeding than small populations. As a result of increased genetic diversity, the pathogen is able to respond more rapidly to the deployment of control measures, such as the introduction of new fungicides or resistance genes into the agro-ecosystem (102). In the wheat pathogen Mycosphaerella graminicola, the adaptation to an agricultural host was followed by a tremendous increase in population size consistent with the increased host population size (95) . In contrast, the sibling species occurring on wild grasses showed a much lower population size as well as a lower level of genetic diversity, probably reflecting limited host availability and/or genetic bottlenecks that occurred as wild grasslands were converted to wheat fields. Thus the adaptation to an agricultural environment was followed by large changes in the population dynamics of the pathogen.
Large and dense host populations growing in a homogeneous environment also increase the potential for new pathogens to emerge through genetic exchanges and interactions with other pathogen species coexisting on the same host plant. HGT and hybridization are probably rare events in natural ecosystems where the environment is heterogeneous, disease tends to be patchily distributed, and pathogen population density is low. As a result, coinfection by different pathogens may be rare, and plants of the same species may be too far apart to facilitate transmission of the rare hybrids to uninfected plants (Figure 1) . But in agro-ecosystems it is common to find plants colonized by several different pathogens (e.g., P. tritici-repentis and P. nodorum are frequently found on the same wheat leaf ), infections are often found at a high density, and any rare hybrids that might form will have a high probability of making a successful transmission to a neighboring plant. Thus agro-ecosystems are likely to provide more effective incubators for HGT and pathogen hybridization than natural ecosystems.
A third important unifying factor is the global expansion of trade in crops and germplasm coupled with inefficiency in quarantine and monitoring systems. New pathogens may be emerging continuously in agroecosystems around the world, but their damage will be limited to the field or localized region where they emerge and they may not be noticed unless they escape and spread to new areas where the same crop is grown. The escape is most likely to occur for pathogens that infect or infest seed or other plant parts that are propagated and traded (e.g., tubers, cuttings). Examples include Panama disease of bananas (13) and potato late blight (34) . Such long-distance movement of pathogens from In this chapter we have focused on the evolution of plant pathogens, but similar evolutionary processes operate for human-associated pathogens. The emergence and evolution of human diseases is favored by dense and large human populations, by close contact with other host species such as domesticated or wild animals, and by the global movement of people. Many new diseases, including measles, smallpox, tuberculosis, malaria, and pertussis, emerged with the onset of agriculture and the resulting development of agro-ecosystems and increase in human population density (79) . Some diseases emerged by host jumps from wild or domesticated animals [e.g., the measles virus Morbillivirus from cattle (108)], while others proliferated in the agro-ecosystem [e.g., the malaria parasite Plasmodium falciparum and its vector Anopheles gambiae (52)]. More recently a host shift led to the emergence of HIV through multiple interspecific transmissions of viruses from chimpanzee to humans (41) . Interdisciplinary research cutting across the disciplines of pathology, ecology, evolutionary biology, and bioinformatics is used to determine the underlying causes of human disease emergence and to control the spread of human infectious diseases.
Given the similarities between pathogens of humans and plants, the approaches and methods used to study human pathogens can also provide insight into the evolution of plant pathogens and serve as inspiration for future research.
CONCLUSIONS
Plant pathogens will continue to emerge in agro-ecosystems around the world. Advances in DNA analyses allow us to reconstruct the evolutionary history of pathogens and to understand the processes that caused their emergence. The timescales involved in pathogen emergence range from thousands of years for pathogens that emerged through codomestication of host and pathogen to practically instantaneous for new pathogen races or species that emerged through horizontal gene transfer or interspecific hybridization. The unifying driving force for these different evolutionary processes is the nature of the agro-ecosystem. The genetic and environmental uniformity of monocultures coupled with the vast scale of agro-ecosystems select for highly specialized and aggressive pathogens that rapidly respond to selective agents such as fungicides or resistance genes. It is important to acknowledge that new plant pathogens will continue to emerge as long as agro-ecosystems maintain their present structure.
So what can we do to slow or prevent the emergence of new pathogens? An important contribution would be to improve monitoring abilities and capacities to detect new pathogens when they emerge and then try to prevent or slow their spread. This approach is already used for emerging human diseases with monitoring coordinated by the Center for Disease Control in the United States and globally through the World Health Organization. A useful model for implementing plant disease containment is presented by the Global Rust Initiative (GRI) that formed in 2001 to counteract the spread of a new race of the wheat stem rust fungus Puccinia graminis that emerged in Uganda in 1999 (93) . Such initiatives can achieve success when new diseases are recognized early in their emergence and before they have spread beyond a reasonable containment zone that can be managed by quarantines or eradication efforts. Unfortunately, GRI-style approaches are very expensive and require intensive surveillance networks. The general trend in the USA (with a few exceptions) is for less surveillance of diseases in the field, rather than more. This is tied to the high cost of effective surveillance and the decreased number of extension specialists. Many plant pathogens are limiting factors in food production throughout the world. In industrialized countries the impact of plant disease is mostly an economic issue, but in developing countries plant pathogens can be a primary cause of starvation (94) . Agro-ecosystems will need to be re-engineered to prevent the continuous emergence of new pathogens. Several approaches can be used to slow or prevent the emergence of new pathogens. The goal of these approaches will be to reintroduce a combination of environmental, species, and genetic heterogeneity into the agro-ecosystem to make it less conducive to pathogen emergence. For example, crop species diversity can be increased spatially and temporally through faster and more complex crop rotations, planting of species mixtures, and by decreasing average field size. Genetic diversity within monocultures can be increased spatially and temporally by growing cultivar mixtures and multilines or by growing several different cultivars of the same host in patches within the same farm. Environmental heterogeneity can be increased by combining agriculture and forestry or with other mixed cropping systems. It is obvious that such re-engineering of existing agriculture and forestry systems would present formidable challenges, with many constraints imposed by political, sociological and economic considerations. However, the result of re-engineering the agro-ecosystem will be to develop more sustainable and reliable food production that will be needed to support the human population for the next 10,000 years. 
